Abstract: High-quality GaAs-based quantum cascade laser (QCL) structures for the terahertz (THz) emission have been grown by solid source molecular-beam epitaxy. Ex-situ high-resolution x-ray diffraction shows that layer thickness and its control is the most critical growth aspect and that the lasing potential of the structure can be determined by the thickness accuracy of the layers. For our samples, the thickness tolerance for working lasing structures emitting approximately 100 µm was determined to be minimally above 1% for a 15 µm active region which was composed of 54.6 nm cascade cells. Increasing interface roughness adversely affects the lasing threshold and power.
communications [1, 2] . The production of THz waves by photonics or electronics have been tested using several approaches in this underdeveloped frequency range.
Recently solid state terahertz lasers were made possible through the rapid progress in quantum cascade lasers (QCLs) [3] . Despite the advances in mid-infrared (MIR) QCLs, THz QCLs remain difficult to fabricate [4] . The QCLs use band structure engineering and quantum wells to define the upper and lower lasing energy levels by intersubband transitions, and any drifts or variations in composition or thickness may cause these levels to change. The tolerances in alloy composition, layer thickness and, and doping for THz QCLs are lower than for mid-infrared QCLs. Since typical THz structures can require more than a day to grow by molecular beam epitaxy (MBE), the long term growth stability is a difficult challenge. In this work we report our successful approach to produce high-quality THz lasers that work above the liquid nitrogen temperature.
Our GaAs-based THz cascade structures use phonon depletion scheme after Ref. [5] . It is similar to MIR QCLs with a combination of resonant tunneling, superlattice states and an LO phonon emission for fast depopulation of the lower radiative state. Fig. 1 shows the band structure of the active region consisting of cascade modules. Note the lasing transition takes place between energy levels numbered 5 and 4. The thickest well is slightly doped to minimize scattering in the upper laser level. Using the LO phonon emission in the lower laser level, achieves a rapid depopulation of the lower state with a short transition time of τ 21 ∼ 0.5 ps which helps supply the free carriers and maintain the population inversion. A large number of 177 cascade modules (periods) ensures the total active region thickness of 10 μm. A large active region is required to minimize waveguide losses.
Because the lasing quantum states of interest have a very small energy separation of E 4−5 = 15.5 meV, in comparison to the phonon energy E LO = 36 meV, the system is very sensitive to any deviation from the design thicknesses or barrier heights, which easily result in non-lasing devices.
The samples were grown in a solid source Modular GEN II MBE system. In the MBE chamber, the source cells axes are oriented at 33
• angle with respect to the substrate surface. The Al 0.15 Ga 0.85 As/GaAs structures grown with As 4 at 610 • C have a large advantage over other material systems when growing >10 μm active regions because lattice matching is not a critical factor. A test GaAs/AlAs superlattice (SL) was grown on a 3-inch GaAs wafer without substrate rotation in order to study the spatial distribution of the growth parameters due to the cells positions geometry in the MBE chamber. Fig. 2a shows a wafer map of the SL test's Ga growth rate distribution which was grown on a 3-inch wafer. Each pixel corresponds to an x-ray ω − 2θ scan in an x-y array of 5 mm increments. Each scan has been analyzed to obtain the Ga and Al growth rates in each pixel. The upper right wafer portion shows the highest Ga growth rate, the closest position to the Ga cell. To minimize the error in thickness at the edge of the wafer caused by sample orientation, we calculated the error thickness as a function of the number of sample rotations per layer as shown in Fig. 2b . The error in thickness has a minimum every half rotation; The bold lines refer to the squared wave functions 4 and 5, the lower and upper levels that are involved in the laser emission.
it approaches a value that results in a film that would be slightly thinner at the edge. So by an infinite number of rotations for a layer, we would asymptotically approach a −0.4% deviation at the 3 in wafer edge. Of course the wafer center, where we calibrate, would show a thickness error of 0%. The thinnest layers were grown for 3 -4 seconds.
To decrease the error, we used a rotation speed of 60 rev/min, and the AlGaAs growth rate never exceeded 1 μm/h. The thickness deviation compared to the substrate center was within 1% at the wafer edge.
To analyze the effect of shutter transients, we examined the RHEED oscillations ( Fig. 2c ) to determine the effective growth rate. The effective growth rate is simply derived from the position distance of neighboring local RHEED minima and maxima. Fig. 2d shows the measured temporal change of the effective growth rate. Immediately after opening the Ta cell shutter, the effective growth rate is ∼10% below the desired growth rate and then approaches the target growth rate within 10 seconds. This is due to the increased power required to maintain cell temperature when the shutter is open and so, does not reflect heat back into the cell. This implies the growth rate is slightly different for layers of nominally different thickness. For this reason, we simply eliminate pauses for smoothing purposes in the AlGaAs/GaAs layers to keep the GaAs growth rate stable. We observed that for THz structures the Al SUMO cell is less sensitive to shutter operations due to the low alloy composition. In addition to the shutter transients, the depletion of the dual filament Ga cell over the growth time, results in a measured growth rate decrease at ∼1% per 10 μm. The growth rate which is measured by RHEED oscillations can have up to a 4% error compared to the desired structures grown immediately after calibration. Additionally, it is difficult to measure beyond 1 minute of growth. Beam flux measurements can fluctuate by 2% and depend on the position in the molecular beam path. For a more precise calibration of individual growth rates over long growth periods, we grow an Al 0.15 Ga 0.85 As/GaAs SL for 1 -2 hours, immediately before the THz structure, and use ex-situ x-ray diffraction analysis with an error below 1% to determine the individual growth rates. We used a high resolution diffractometer system equipped with a parabolic collimating Göbel mirror and channel-cut Ge(220) two-bounce monochromator for producing highly parallel and monochromatic primary beam of the CuK α1 radiation. In front of the x-ray detector window, either receiving slit for specular ω−2θ scans or triple bounce analyzer crystal for reciprocal space mapping was used.
The ex-situ x-ray measurements and analysis are performed immediately after growth. Since the Al content in the AlGaAs barriers of the THz QCL is relatively low (10-15%) and the lattice misfit of AlAs and GaAs is only 0.14%, we measure the ω−2θ scan around a (004) and (006) GaAs substrate diffraction point. Around the (002) reflection, the angular separation of the SL AlGaAs and substrate GaAs peaks, is not large enough to clearly determine the Al content. However, the larger range ω−2θ scan around (002), shows a large enough number of higher order SL maxima, from which angular positions from the SL period can be determined. The many SL maxima for (002) reflect that the structure factor is more sensitive to a chemical contrast and the difference in x-ray scattering factors of Al and Ga. From the measured SL period and the average Al content, the actual Al and Ga growth rates of the sample can be obtained. 3 shows x-ray data for some of our first THz structures; chronologically they represent attempts towards a working THz laser. All the samples were supposed to be nominally the same layers sequence. The lowest curve is the full pattern simulation based on dynamical scattering theory using nominal design parameters. On this graph only the last two samples C and D are lasing. First we address the peaks positions to the simulation curve which match relatively well; they are closest to nominal values in terms of thickness. The previous THz QCL structures A and B were discrepant. Sample A shows a 6.53% lower cascade period thickness from nominal 54 nm and the Al content (x Al ) in the Al x Ga 1−x . The barrier is 0.165 instead of 0.15. Sample B illustrates the Ga rate fluctuations during the growth with broader SL peaks as well as multiple peaks and also with a more damped envelope function. The splitting SL peaks follow the period thickness spread from 2.64% to 5.92% in nominal values. In the THz region, if there is significantly more discrepancy than 2% after 10 -15 μm, the QCL is not lasing. Energy levels are much closer and so, the current is not flowing through the desired lasing levels. The samples C and D show relatively narrow peaks up to a much higher order which can be attributed to an improved Ga cell power supply stabilization. Reciprocal space mapping using analyzer crystals showed the sample C peaks' broadening which is due to the roughness of the interfaces instead of the growth rate instability. The thickness of layers is 2.2% lower and x Al = 0.156. Sample D layers are only 1% thinner and x Al = 0.151. All samples were fabricated into final laser devices using the double metal Au waveguide with etched facets or microdisk cavities [6] . The values of layer thickness and Al content are more critical than the interface roughness. During the sample C growth, a spotty RHEED pattern indicated a rougher growth surface. Fig. 4 shows the x-ray reflectivity single scans; Fig. 5 shows reciprocal space maps for two nominally same THz QCLs C and D. In Fig. 4 the reflected intensity decrease in ω − 2θ scans is proportional to ω −4 functionality, and the speed of attenuation is directly related to the interface roughness. From the single scans in Fig. 4 , we have determined the average root mean square interface roughness at σ = 2 nm for sample C which is an order of magnitude higher than sample D's σ = 0.25 nm. However, in both samples the layers' thicknesses were within the limits for lasing. In spite of rougher interfaces, sample C is lasing with the double metal ridge waveguide at 5K and with an order of magnitude of weaker output power. In Fig. 5a the reciprocal space reflectivity map of C shows diffuse scattering intensity streaks due to higher roughness. The smooth D structure in Fig. 5b shows almost no x-ray diffuse scattering.
(a) Once the growth parameters required for the 10 μm THz structure were determined, further attempts were made to improve the laser performance. To reduce the waveguide losses, the active region in lower doped samples was increased by 50% to 15 μm, 271 cascades, and the highly doped bottom contact layer was reduced to 100nm. This resulted in a reduction of the threshold current density.
The stable and reproducible growth of THz QCL structures up to 15 μm enabled a more detailed study of the influence of doping and processing parameters on the emission performance and. The doping control is important for producing carrier densities in the broad range from 5 and 0.2 A/cm 2 , respectively. The decrease in doping appears to slightly influence the maximum operating temperature in pulsed operation around 145 K. However, the continuous wave (CW) operation is influenced greatly with CW up to 72 K for the optimized structure.
The THz QCL structures test the limits of stability and uniformity in MBE crystal growth. QCL active regions of 15 μm were realized only through long term cell stability, layer uniformity, interface quality and careful calibration of individual growth rates. Exsitu high resolution XRD feedback proved to be an essential feedback tool for this goal.
Once the reproducibility and quality of the QCL structures were ensured, we were able to study the influence of doping on the emission performance in more detail.
